Summary Animal studies suggest that hyperglycaemia directly affects local blood flow and vascular reactivity. We studied the effects of 7 h of local forearm hyperglycaemia, on forearm (muscle) and skin microcirculatory blood flow in 12 healthy men. Furthermore, the effects of this local hyperglycaemia on forearm vasoreactivity to noradrenaline were studied. Using the perfused forearm technique, a local hyperglycaemia of approximately 16 mmol/1 was induced by continuous intraarterial infusion of 5 % glucose. All subjects received both glucose and placebo (0.9 % NaC1) infusions on two different occasions, in random order and blinded for the subjects. Forearm (muscle) blood flow and vascular reactivity to noradrenaline were measured using venous occlusion plethysmography. Skin microcirculatory blood flow was evaluated using intravital capillary microscopy (nutritive blood flow) and laser-Doppler fluxmetry (thermoregulatory blood flow). Measurements were performed at baseline, after 4 h, and after 7 h of intraarterial glucose or placebo infusion. During local glucose infusion there was a slight increase in the levels of insulin, C-peptide, systemic glucose, and blood pressure, compared to the placebo experiments. No differences were observed in forearm blood flow and laser-Doppler flux ratio (infused: contralateral arm), as well as in capillary blood cell velocity between glucose and placebo experiments. Noradrenaline produced similar reductions in forearm blood flow ratio during glucose and placebo experiments. We conclude that in contrast to animal studies, local hyperglycaemia ( ---16 mmol/1) for 7 h does not affect forearm macro and microcirculatory blood flow or vascular reactivity to noradrenaline in man. [Diabetologia (1994) 37: 750-7561 Key words Hyperglycaemia, intraarterial, forearm blood flow, microcirculation, vasoreactivity, noradrenaline.
namic changes can be observed in several organs and tissues, as has been demonstrated recently for forearm muscle [2] and skin [3] . In addition, cardiac output [4] , blood flow to the kidneys [5] and retina [6] , and skin capillary pressures [7] have been found to be increased in early IDDM. Most of these parameters normalize in parallel to normalization of metabolic control, which suggests that hyperglycaemia plays an important role in the development of these haemodynamic changes. Indeed, local injection or application of glucose in healthy animals results in arteriolar vasodilation, increased blood flow, and disturbed autoregulation [8, 9] . Some of these effects can be observed a few hours after induction of local hyperglycaemia.
Besides changes in endothelium (in)dependent vasodilation [2, 8] , diabetes induces changes in vasocon-strictor reactivity. Both in vitro and in vivo animal studies have shown an increased sensitivity and reactivity to noradrenaline [10, 11] . In IDDM patients an increased reactivity to noradrenaline was also demonstrated [12, 13] .
We demonstrated recently, that a 1-h local (forearm) moderate hyperglycaemia did not change forearm (muscle) FBF [14] . Only non-physiologic high local glucose concentrations resulted in an increase in FBF. These findings, in combination with those of aforementioned animal studies, suggest that several hours of local hyperglycaemia are required to induce haemodynamic changes. The present study was undertaken to determine the effects of a 7-h local (forearm) hyperglycaemia, induced by intraarterial infusion of glucose, on basal FBE and on skin thermoregulatory and nutritive microcirculatory blood flow in healthy men. Furthermore, the effects of this local hyperglycaemia on forearm vasoreactivity to noradrenaline, a physiological endogenous vasoconstrictor, was evaluated. To correct for possible systemic effects of local glucose infusion and possible diurnal variations in vasoconstrictor response to noradrenaline, the experiments were placebo controlled.
Subjects and methods
Experiments were performed in 12 healthy male volunteers (recruited from a student population), with a mean age of 23.6 + 3.1 (SD) years and a body mass index of 23.0 _+ 3.1 (SD) kg/m 2. The number of subjects was based on earlier studies [14] . Forearm volume was measured by water displacement. Mean forearm volume (from elbow to wrist), of the non-dominant arm was 1226 _+ 225 (SD) ml, and the volume of the dominant arm was 1304 + 226 ml. Three subjects were smokers (their results were similar to those of the non-smokers). All participants gave written informed consent and the study was approved by the medical ethical committee of the Maastricht University Hospital.
Protocol. The subjects received both glucose and placebo (0.9 % NaC1) infusions, single-blind in random order with a 2-3 week interval. All experiments started at 08.00 hours and were performed in a quiet, temperature-controlled room (mean temperature 24.9 + 0.2 (SD) ~ Precautions were taken to minimize extemal disturbances. Subjects were studied in the supine position. Between the measurements the subjects were allowed to sit upright (by raising the head of the bed to the vertical position), but 15 rain before each measurement they were placed supine again. The subjects were not allowed to smoke, eat, or drink (except for water) from 22.00 hours the night before the experiment until the end of the experiment. Three catheters were inserted: a 20-gauge catheter into the brachial artery (retrogradely) in the cubital fossa of the non-dominant arm, for infusion of glucose/saline and noradrenaline, and in both arms a catheter was inserted into the antecubital vein (anterogradety), for blood sampling. Venous blood from the infused arm was drawn to determine local glucose level (at 10. 15 levels (at the same time as local glucose levels), were determined in venous blood from the contralateral arm. The catheters were kept patent with saline (NaC10.9 %).
Baseline measurements of (micro)circulatory blood flow started at 10.15 hours, and were performed in the following order: CBV, LDF, and FBF (before and during three doses of noradrenaline). After these measurements (10.30 hours), the intraarterial infusion of 5 % glucose or saline was started. The rates of infusion were individually calculated using the basal FBF measurement and forearm volume, to raise forearm blood glucose levels by about 12 retool/1. The same calculations for infusion rate were used for saline infusion. The mean infusion rate was 126+48 (SD) ml/h. At 14.30hours (after 4h) and at 17.30 hours (after 7 h of local forearm hyperglycaemia), another set of haemodynamic measurements was performed.
Methods. CBV (representing skin nutritive blood flow) was monitored using epi-POL videomicroscopy, with a Leitz L 20 • lens (numeric aperture: 0.32). Images of two capillaries in the distal row of the fourth finger nailfold of the infused arm were recorded during 2 rain. The images were videotaped for off-line analysis. The same two capillaries were studied during each subsequent measurement. Mean CBV of the two capillaries was used for calculations (with a coefficient of variation (CV) of 31% comparing two consecutive CBV measurements), which was evaluated off-line using the temporal correlation technique [15] incorporated in CAPIFLOW software (SIM, Kista, Sweden). Capillary diameter was measured as the width of the erythrocyte column in the arteriolar and venular limb. In five subjects, image quality was not sufficient to determine CBV at all time points throughout both experiments. CBV was not studied in the contralateral arm, due to immobility of the equipment.
Thermoregulatory skin perfusion was determined using LDF (Periflux PF3; Perimed, J/irffilla, Sweden), with two probes PF 308, wide band (12 kHz) mode, and time constant 0.2 s. The probes were placed on the dorsum of the interphalanx of the fourth finger of both hands. These probes remained in the same position throughout the experiment. The mean value of the 2 min recording was used for calculations (with a CV of 16% comparing two consecutive LDF measurements). Flux values are expressed as arbitrary PU, calibrated against an external standard. Biological zero values, obtained during arterial occlusion, were subtracted from the measured LDF levels. Mean biological zero value (pooled for all measurements) was 4.5 +_ 1.7 PU. Skin temperature was measured at the same site (infused arm) using a Hewlett Packard 78214C monitor (Hewlett Packard; Btblingen, Germany).
FBF was determined in both arms simultaneously using ECG-triggered strain gauge venous occlusion plethysmography (Periflow; Janssen Scientific Instruments, Beerse, Belgium). The hand circulation was excluded during the FBF measurement by inflating a wrist cuff to suprasystolic pressure, starting 1 rain before each FBF measurement. Hence, FBF measurements predominantly represent muscle blood flow [16] . FBF was measured during 11 rain: 2 min of baseline FBF and during three cumulative doses of noradrenaline (Centrafarrn, Etten-Leur, The Netherlands): 0.025, 0.1, and 0.4 gg/min (each dose was infused for 3 rain; doses were based on a pilot study; unpublished data). The mean value of the last rain of each period was used for calculations (with a CV of 14 % comparing two consecutive FBF measurements). The CV of repeated measures of the vasoconstrictor response to the highest dose of noradrenaline (0.4 p.g/min) during the day is 13 %. A flow curve lasted five heartbeats, with venous occlusion (50 mmHg) applied during three beats. Therefore, on the average 12 inflow curves per rain were determined. Blood pressure was measured intraarterially using a Hewlett Packard 78205C monitor. Heart rate was recorded from the ECG.
Blood glucose was determined by the glucoseoxidase method on the ESAT 6660 analyzer (Eppendorf, Hamburg, Germany). Total insulin and C-peptide were determined by a commercial radioimmunoassay (Pharmacia, Uppsala, Sweden, and Byk-Sangtec, Dietzenbach, Germany, respectively). Lactate was determined by the lactateoxidase method, and pyruvate by the lactic dehydrogenase method. Both plasma adrenaline and noradrenaline were determined by HPLC according to the method of Van der Hoorn et al. [17] .
Statistics and calculations. All data are presented as median values with interquartile ranges unless otherwise indicated. For each measurement period the ratio for LDF and FBF was calculated (infused arm divided by the eontralateral arm). This calculated ratio corrects for all systemic factors that affect the regulation of blood flow in both arms (e. g. changes in blood pressure, level of arousal, hormonal changes etc.), and ensures that only the direct effects of locally infused substances on forearm blood flow are taken into account [18] . In an earlier study on diurnal variations of forearm macro and microeirculation, the FBF ratio was demonstrated to be stable during the day [19] . The present experiments were placebo controlled to correct for possible glucose-induced systemic effects, which would affect blood flow in both arms. The effects of local glucose infusion in CBV, LDF ratio, and FBF ratio were compared with the effects of local saline infusion after 4 and 7 h. For each dose of noradrenaline the percentage change in FBF ratio (relative to pre-infusion values) was calculated at baseline (10.15 hours), after 4-(14.30 hours), and after 7-h glucose/saline infusion (17.30 hours) using the formula:
((FBF(O(n") -1) x 100 • FBF(c) (sal)) (FBF(c) (,~,) x FBF(i ) (s~l))
(i) = infused arm; (c) = contralateral arm; (ha) = during noradrenaline infusion and (sal) = during 0.9% NaC1 infusion into the infused arm.
The percentage change in FBF ratios for each dose of noradrenaline were compared during glucose/placebo infusions (within group), and between the glucose and placebo experiments (between group).
As the distribution of the CBV, LDF, and FBF data was not normal, the Friedman test (non-parametric two-way ANOVA) was used for analysis for multiple related samples and Wilcoxon paired sign test for paired analysis. When appropriate, the Bonferroni correction was used for multiple comparisons. P values below 0.05 were considered statistically significant.
Results

Metabolic and hormonal effects'.
At baseline (10.15 hours) no differences were found in "systemic" glucose, insulin, and C-peptide levels between the glucose and placebo experiments (Table 1) . During the intraarterial infusion of glucose, forearm venous blood glucose levels increased to a level of approximately 16 mmol/1 (Table 1) . Venous blood glucose levels in the contralateral arm ("systemic" glucose levels) showed a small increase during the local glucose infusions (p < 0.01), but did not reach a hyperglycaemic level ( Table 1) . As shown in Table 1 , C-peptide levels also showed a small but statistically significant increase during the local glucose infusion. Probably, as a result of insulin extraction by the liver we did not measure a significant increase in insulin levels during local glucose infusions. In contrast, during the placebo infusions, insulin and C-peptide levels showed a small decrease during the day, whereas blood glucose did not change (Table 1 ). In both glucose and placebo experiments no major differences or changes were observed in lactate, pyruvate, and (nor)adrenaline levels ( Table 1) .
Baseline haemodynamics. No differences were observed in baseline haemodynamic values before the start of glucose or placebo infusions (Table 2 and Figures 1, 2, and 3) . Also, no differences could be observed in skin temperature or the baseline width of the erythrocyte columns (representing the capillary diameter) between the glucose or placebo experiments (data not shown). The percentage change in FBF ratio during the three cumulative doses of noradrenaline were similar before the start of glucose or placebo infusion (Fig. 4) , also when they were expressed as percentage change in FVR ratio (data not shown; forearm vascular resistance (FVR) = MAP/FBF).
Haemodynamic effects of local hyperglycaemia. Blood pressure (MAP) increased slightly during the glucose experiments (median change: 3 (1-6) mmHg after 7 h, (Friedman;p < 0.05)), and did not change during placebo experiments (median change: -1 ( -2-+ 1) mmHg (Friedman; NS)). However, no differences in MAP were observed between the glucose and placebo experiments (Table 2) . Plasma adrenaline and noradrenafine levels did not change after 7 h glucose or placebo infusions (Table 1) . Also heart rate did not change during glucose or placebo experiments, except after 4 h of infusion there was a difference in heart rate between glucose and placebo ( Table 2 ). The effects of the 7-h local hyperglycaemia on forearm macro and microcirculation are depicted in Figures 1, 2 and 3 , and Table 2 . The FBF ratios (infused: contralateral arm), FVR ratio (data not shown), and LDF ratio did not change during 7 h of glucose or placebo infusion (within group comparison; Table 2 ). Comparison of FBF ratios, LDF ratios, and CBV between the glucose and placebo experiments (between group comparison) at baseline (0 h) and after 4 and 7 h of infusion revealed no differences (except for LDF ratio after 7 h, see further) These data suggest no local effect of hyperglycaemia on forearm macro and microcirculation ( Table 2) . As can been Hours of infusion Fig.3 . Median (and interquartile range) capillary blood cell velocity (CBV) values (n = 7) of the infused arm before and after 4 and 7 h of intraarterial infusion of 5 % glucose ( 9 and placebo (0.9% NaC1) ( 9 seen in Figure 2 and Table 2 , the difference in LDF ratio after 7 h glucose or placebo infusion is probably a result of a relative increase in LDF of the contralateral arm in the placebo group, instead of a local effect of glucose on the infused arm. Although the FBF ratios were not different between glucose and placebo (Table 2) , the increase in absolute FBF values of both separate arms after 7 h was less during the glucose experiments than during the placebo experiments ( Fig. 1) : in the infused arm 58 % (23-101) vs 2 % ( -25-+ 56), and in the the contralateral arm 23% (10-90) vs 5% (-11-+ 24) (glucose vs placebo, p = 0.03 and p = 0.02, respectively). FVR showed similar changes in both arms (data not shown). No differences were observed in the changes in skin temperature between glucose and placebo (data not shown). The width of the erythrocyte columns was not changed after 7 h glucose or placebo infusion (data not shown). Figure 4 depicts the percentages change in FBF ratio to 0.025, 0.1, and 0.4 gg/min noradrenaline before and during glucose and placebo experiments. The reactivity to noradrenaline did not change during the glucose or placebo experiments (within group comparison), nor were any differences in reactivity observed between glucose and placebo infusions at each moment (between group comparison).
Discussion
The results of the present study indicate that total forearm and skin microcirculatory blood flow (nutritive as well as thermoregulatory) are not affected by local hyperglycaemia (= 16 mmol/1) for 7 h. In addition, forearm vasoreactivity to noradrenaline was not affected by the intraarterial glucose infusion.
Animal studies suggest that hyperglycaemia directly affects the ability of blood vessels to autoregulate blood flow [8, 9] . Such haemodynamic changes might be one of the priming mechanisms in the development of diabetic microangiopathy [1] . Indeed, in healthy man induction of systemic hyperglycaemia results in an increase in forearm/leg blood flow in some studies, and in renal hyperfiltration [20] [21] [22] . However, as substantial secondary hormonal changes occur during systemic hyperglycaemia, these results are difficult to interpret. In the present study, glucose was infused intraarterially in the forearm to determine the effects of local forearm hyperglycaemia (approximately 16 mmol/1) for several hours, on peripheral macro and microcirculation. This 7-h local hyperglycaemia did not induce changes in forearm macro and microcirculatory blood flow of the infused arm.
It may be that the following confounding factors have influenced the present results. As demonstrated here and in an earlier study [19] , FBF increases during the day, which is probably based on a circadian rhythm in sympathetic vasoconstrictor activity [23] . In contrast, skin microcirculatory blood flow (LDF) decreases particularly in the morning, probably due to an acclimatization phenomenon [19] . As in the present study FBF and LDF were measured on both the infused and the contralateral arm, it seems unlikely that these diurnal variations in blood flow might mask any local effect of glucose on peripheral blood flow. In the present model, possible local vasoactive properties of glucose would lead to haemodynamic changes in the infused arm only and not in the contralateral arm, resulting in a change of the FBF or LDF ratio. Possible systemic changes would lead to haemodynamic changes in both arms, thereby not influencing the ratio.
In comparison to the placebo experiments, the local glucose infusion resulted in a small increase in systemic glucose levels, and stimulated insulin secretion. Both insulin and C-peptide have been suggested to exert vasodilator effects [24, 25] , which could mask a haemodynamic effect of local hyperglycaemia. However, in comparison to placebo infusion peripheral blood flow was not increased during the local glucose infusions, which implies that the changes in systemic glucose levels and insulin secretion were too small to have vasodilator effects.
During the local hyperglycaemia minute systemic haemodynamic changes were observed: a small increase in MAP and a diminished increase in absolute FBF, while plasma catecholamines did not change. These systemic haemodynamic changes suggest relative vasoconstriction. However, in our opinion the magnitude of the changes in MAP and FBF, which remain unexplained, was too small to mask a possible haemodynamic effect of the local glucose infusion. As mentioned before, changes in MAP should effect haemodynamics in both arms, thereby not influencing the FBF ratio.
In the present study only male volunteers were included to avoid possible influences of the female menstrual cycle on peripheral haemodynamics. It could be speculated that glucose-induced vascular changes can 755 only be observed in women, however, other studies contradict this speculation [26] .
The observed difference in LDF ratio after 7 h of glucose or placebo infusion is probably an artefact. In contrast to the decline of the LDF signal of both arms during glucose, and of the infused arm during placebo, the LDF signal of the contralateral arm during placebo shows a different pattern, resulting in a higher median signal at 17.30 hours. This probably causes the erroneous low LDF ratio after 7-h placebo infusion.
Although animal studies suggest that 2-5 h of local hyperglycaemia in the 16 mmol/1 range can induce vascular haemodynamic changes [9] , it is possible that the level and/or duration of local hyperglycaemia was insufficient to affect the forearm vasculature. Due to possible heterogeneity in sensitivity to hyperglycaemia for different tissues, the forearm muscle and skin vasculature may require a more severe or longer period of local hyperglycaemia to induce haemodynamic change. The reported hyperperfusion observed in these tissues of patients with short-term IDDM [2, 3] might, therefore, be the result of relatively high peripheral insulin levels or systemic effects of hyperglycaemia instead of local hyperglycaemia. Finally, it seems unlikely that the glucose did not reach the vascular endothelial and/or smooth muscle cells, as the glucose uptake in these cells is predominantly insulin independent and occurs by facilitated diffusion [27] . The fact that the venous pyrurate and lactate levels of the infused arm were unaltered after 7 h of local hyperglycaemia suggests that no major changes in glucose metabolism of the forearm muscle tissue occurred. However, a possible increase in forearm lactate and pyruvate production might be masked by a decreased production at other sites (e. g. splanchnic area) [28] .
The present data demonstrate that a 7-h local hyperglycaemia does not change forearm vasoreactivity to noradrenaline in man. Animal (in vitro) studies suggest that diabetes induces enhanced vasoreactivity to noradrenaline [10] , although some could not demonstrate such an effect [29] . Morff [11] demonstrated that in animals the enhanced vasoreactivity to noradrenaline in diabetes is probably a short-term effect, which normalizes after 16 to 32 weeks after induction of diabetes. Indeed, vasoreactivity to noradrenaline has been reported to be unchanged in patients who have had uncomplicated diabetes for several years [2, 30] . However, in long-term diabetic patients with retinopathy [31] the pressor response to noradrenaline was increased, and in patients with microalbuminuria [12] or autonomic neuropathy [13] vasoreactivity to noradrenaline was found to be increased.
In conclusion, in contrast to several animal studies, local hyperglycaemia (approximately 16 mmol/1) for 7 h does not affect forearm macro and microcirculatory blood flow or vascular reactivity to noradrenaline in man.
